Abstract Compressive strength index (CSI) of the femoral neck is a parameter that integrates the information of bone mineral density (BMD), femoral neck width (FNW), and body weight. CSI is considered to have the potential to improve the performance of assessment for hip fracture risk. However, studies on CSI have been rare. In particular, few studies have evaluated the performance of CSI, in comparison with BMD, FNW, and bending geometry, for assessment of hip fracture risk. We studied two large populations, including 1683 unrelated U.S. Caucasians and 2758 unrelated Chinese adults. For all the study subjects, CSI, femoral neck BMD (FN_BMD), FNW, and bending geometry (section modulus [Z]) of the samples were obtained from dual-energy X-ray absorptiometry scans. We investigated the age-related trends of these bone phenotypes and potential sex and ethnic differences. We further evaluated the performance of these four phenotypes for assessment of hip fracture risk by logistic regression models. Chinese had significantly lower FN_BMD, FNW, and Z, but higher CSI than sex-matched Caucasians. Logistic regression analysis showed that higher CSI was significantly associated with lower risk of hip fracture, and the significance remained after adjusting for covariates of age, sex, and height. Each standard deviation (SD) increment in CSI was associated with odds ratios of 0.765 (95% confidence interval, 0.634, 0.992) and 0.724 (95% confidence interval, 0.569, 0.921) for hip fracture risk in Caucasians and Chinese, respectively. The higher CSI in Chinese may partially help explain the lower incidence of hip fractures in this population compared to Caucasians. Further studies in larger cohorts and/or longitudinal observations are necessary to confirm our findings.
Bone mineral density (BMD) is the most widely used phenotype to assess bone strength and predict fracture risk [3, 4] . However, only 50-70% of total bone strength can be attributed to BMD [5, 6] . The patterns of BMD variation are not always consistent with the hip fracture rates among different populations. For example, Asians have on an average a lower hip BMD than Caucasians of the same age range [7, 8] ; however, hip fracture rates of Asians are lower than that of Caucasians [7, 9] . Other factors, such as geometric parameters of the femoral neck (e.g., femoral neck width [FNW] and bending geometry [section modulus, Z, an index of bone bending strength]), also describe hip strength [10] , but the data have been inconsistent [11] [12] [13] [14] [15] . Lower body weight was found to be associated with unfavorable changes in some of the geometric parameters of the femoral neck, which subsequently compromises hip strength [16] .
Because various bone phenotypes assess hip bone strength and hip fracture risk in nonadditive ways, the concept of compressive strength index (CSI) of the femoral neck was developed [17] . CSI is calculated as (BMD 9 FNW)/ weight. Because CSI measures the capacity to withstand compressive forces proportional to body weight along the main femoral neck axis, it is considered to have the potential to improve the performance of assessment of hip bone strength and fracture risk. However, studies of CSI have been rare; in particular, few studies have evaluated the performance of CSI, in comparison with BMD, FNW, and bending geometry Z, for assessment of hip fracture risk.
In this study, we investigated and compared the basic characteristics of CSI, femoral neck BMD (FN_BMD), FNW, and Z in U.S. Caucasians and Chinese. In addition, we evaluated the performance of CSI, FN_BMD, FNW, and Z for assessment of hip fracture risk in these two populations.
Materials and Methods

Subjects
A sample of 1683 healthy unrelated U.S. Caucasian subjects (including 629 men and 1054 women) and a sample of 2758 healthy unrelated Chinese subjects (including 1497 men and 1261 women) were used in the study. All the subjects signed informed consent documents before entering the studies.
The Caucasian subjects were selected from our previously recruited samples (including nuclear families and pedigrees) for genetic studies of osteoporosis and related health problems [18, 19] . These 1683 subjects were parents of the nuclear families and/or pedigrees, and thus they were unrelated. The subjects were recruited by a comprehensive suite of inclusion/exclusion criteria, which have been described elsewhere [20] . In brief, subjects with diseases, treatments, or conditions that would be apparent, nongenetic, causes for abnormal bone mass were excluded from the study. All of them were of Northern European origin living in Omaha, Nebraska, and its surrounding areas.
The Chinese subjects were recruited from Han adults living in Changsha, Hunan province, China. Among the 2758 unrelated subjects, 810 were parents of the 405 recruited Chinese nuclear families, and the rest were random unrelated subjects recruited using a population-based strategy without regard to any specific disease status or traits. The same exclusion criteria were used for recruitment of both samples.
Measurements
For both of the Caucasian and Chinese samples, BMD (g/cm 2 ) and bone area (cm 2 ) at the femoral neck were measured by Hologic QDR 4500 dual-energy x-ray absorptiometry (DXA) scanners (Hologic, Bedford, MA). The scanners were calibrated daily. The coefficients of variation of BMD measurements were 1.87% for Caucasians and 1.98% for Chinese. Weight was measured while the subjects wore light indoor clothing with a calibrated balance beam scale, and height was measured with a calibrated stadiometer. Body mass index (BMI, kg/m 2 ) was calculated as weight (kg) divided by height squared (m 2 ). The CSI at the femoral neck was calculated as CSI = (BMD 9 FNW)/ weight, where BMD refers to areal BMD of the femoral neck [17] . FNW is the periosteal diameter of the femoral neck and can be approximated by dividing the areal bone size of the femoral neck by the width of the region of interest (in Hologic DXA systems, the width of the femoral neck region is standardized at 1.5 cm) [21] . The calculation of section modulus (Z), an index of bone bending strength, has been detailed elsewhere [22] .
For recruitment of U.S. Caucasians, a standardized questionnaire was used to obtain general health information and fracture history at a one-time visit. Subjects were asked whether the fracture was the result of a fall, an accident, a sports injury, or a spontaneous event. For verification of fractures, fracture sites and the date of selfreported fractures were confirmed by review of medical records. Self-reported fractures that could not be verified by radiology reports or medical records, or fractures resulting from a traffic accident or major trauma were excluded. For recruitment of Chinese subjects, a similar standardized questionnaire with slight modifications was administrated to obtain the general health information and fracture history at the time of visit.
In this study, only the subjects with hip fractures were included in the logistic regression analysis for assessment of hip fracture risk. The subjects with a history of hip fractures were classified as the case group, and those without were classified as the control group. In our study samples, 38 Caucasian subjects (25 women and 13 men) had a low trauma hip fracture history, and 42 Chinese (32 women and 10 men) had a low trauma hip fracture history. In Caucasians, the incidence of hip fracture in women and men was 2.37% and 2.07%, respectively (female/male ratio = 1.1). In Chinese, the incidence of hip fracture in women and men was 2.54% and 0.77%, respectively (female/male ratio = 3.3).
Statistical Analysis
Distributions of the baseline characteristics according to sex and ethnicity were examined by Student's t-test. Many factors, such as age, sex, and height, may have significant effects on BMD, FNW, Z, and CSI. These factors were modeled as covariates in subsequent statistical analyses.
To examine the patterns of change along with age, the subjects were stratified into six groups, each group having a 10-year span. The phenotypic differences among the different age groups were tested by one-way analysis of variances (ANOVA). To further examine the pattern of association between CSI and age in our study populations, we used the maximum likelihood estimator as implemented in the statistical package Man-6 [23] . Estimation of the parameters of the model was based on the least mean squares method, assuming normal distribution of the study trait [24] . Histograms of CSI distribution for both Caucasians and Chinese were constructed and separated into class intervals increasing by 0.5 g/kg m.
In addition, we tested the differences of FN_BMD, FNW, Z, and CSI between men and women after adjustment for age and height. The above analyses were performed in Caucasians and Chinese separately.
Binary logistic regression analysis was performed to evaluate the hip fracture risk that can be assessed by FN_BMD, FNW, Z, and CSI separately. All the statistical analyses were performed by SPSS software (SPSS, Chicago, IL). Table 1 shows the basic characteristics of the study subjects, stratified by ethnicity and sex. For both Caucasians and Chinese, men had significantly larger height, weight, BMI, FN_BMD, FNW, Z, and CSI than women. The Chinese subjects had significantly lower height, weight, BMI, FN_BMD, FNW, and Z, but higher CSI than sexmatched Caucasians. Table 2 shows the basic characteristics of Caucasians and Chinese in the fracture and nonfracture groups. The fracture subjects were older and had larger BMIs than did nonfracture subjects. In contrast, FN_BMD, FNW, Z, and CSI of the fracture subjects were significantly lower (P \ 0.001) than that of the healthy controls. Table 3 shows the covariates included in the models, the standardized regression coefficients, R 2 of the total covariates effect, and the corresponding levels of significance. For both Caucasians and Chinese, there was a significant positive correlation between age and FNW, and a significant negative correlation between age and FN_BMD and CSI (P \ 0.001). For Caucasians, there was a significant negative correlation between age and Z, but no such relationship was detected in Chinese sample. For both populations, men had higher FN_BMD, FNW, Z, and CSI than those of women (P \ 0.001). Height was positively correlated with FN_BMD, FNW, Z, and CSI.
Results
Basic Characteristics of the Subjects
Ethnic Differences of FN_BMD, FNW, and CSI Table 4 compares FN_BMD, FNW, Z, and CSI between Caucasians and Chinese samples. The comparison was conducted before and after adjustment for the covariates of age, height, and sex (sex was not included as a covariate in sex-stratified analysis). It can be seen that in the total and sex-stratified subsamples, Caucasians had larger FN_BMD, FNW, and Z than those of the Chinese subjects. However, it is notable that Caucasians had lower CSI values than Chinese before and after adjustment for covariates (P \ 0.001).
Change of FN_BMD, FNW, and CSI with Aging
Figures 1 and 2 display the changes of FN_BMD, FNW, Z, and CSI with age in Caucasians and Chinese, respectively. It is clear that FN_BMD and CSI decreased along with age (P \ 0.001), and that a dramatic decrease of FN_BMD and CSI occurred at the age of 50 in Caucasian and Chinese women. FNW increased slightly with age in both populations. Z increased slightly with age in Caucasians and decreased moderately with age in Chinese. From Figs. 1 and 2, it can be seen that the patterns of age-associated trends for FN_BMD, FNW, Z, and CSI are similar in the two populations. All the results shown in Figs. 1 and 2 were adjusted for body weight and height.
We further examined the distribution of CSI and its agerelated trends for both Caucasians and Chinese using the maximum likelihood estimator as implemented in the statistical package Man-6 [23] . Supplementary Figures 1 and  2 show CSI distribution before and after adjustment for age in Caucasians and Chinese, respectively. CSI in both 
The results shown are from multiple linear regression analyses. In the regression models, ''0'' denoted male and ''1'' denoted female ** P \ 0.01;*** P \ 0.001
Caucasians and Chinese had a unimodal normal distribution. For both Caucasians and Chinese, the age-related trends of CSI were best fitted by the two-interval model (Fig. 3) . In Caucasians, CSI in men had a relatively rapid decrease before age 32 (-0.085 ± 0.009 SD per 10 years), after which it decreased moderately (-0.007 ± 0.002 SD); and CSI in women had a relatively rapid decrease before age 30 (-0.071 ± 0.012 SD per 10 years), after which it decreased moderately (-0.013 ± 0.002 SD). In Chinese, CSI in men had a relatively rapid decrease before age 39 (-0.051 ± 0.005 SD per 10 years), after which it decreased moderately (-0.012 ± 0.003 SD); and CSI in women remained unchanged before age 27, after which it decreased rapidly (-0.035 ± 0.001 SD).
Sex Differences in FN_BMD, FNW, and CSI
As shown in Tables 1, 2 
Assessment of Hip Fracture Risk
Logistic regression analysis was conducted to evaluate the performance of FN_BMD, FNW, Z, and CSI in assessment of hip fracture risk. Age and sex were included in the models as covariates. Table 6 shows the results of logistic regression analysis in the Caucasian and Chinese samples. It can be seen that higher CSIs were associated with lower risk of hip fracture risk. Each standard deviation increment in CSI was associated with odds ratios of 0.765 in Caucasian sample. Similar results were obtained in the Chinese sample. It is noted that the odds ratio is significant for CSI only (odds ratio = 0.765, P = 0.005 in Caucasians; odds ratio = 0.724, P = 0.009 in Chinese).
Discussion
CSI is constructed from structural engineering principles, which measures the maximum compressing load that the femoral neck could withstand per unit thickness crosssectional slice and the unit of normal compression load exerted on the femoral neck. Because hip fractures are often a direct consequence of this compressive force, among other forces, such as bending force, CSI may represent a more direct measure of hip bone strength. In this cross-sectional study with 1683 U.S. Caucasians and 2758 Chinese, we observed that although Chinese had on average smaller FN_BMD, FNW, and Z than Caucasians, their CSI values were larger. The value of CSI biomechanically gives the capacity to withstand compressive forces proportional to body weight along the main femoral neck axis. The greater CSI in Chinese may partially explain the lower hip fracture rates in Chinese compared to Caucasians. Because FN_BMD, FNW, and Z were lower in Chinese, the greater CSI in Chinese could only be explained by a difference in body weight between Chinese and Caucasians. Earlier prospective studies in European and U.S. populations suggested that lower baseline BMI and weight loss may contribute to the increased hip fracture risk because BMI and weight loss were negatively related to total hip BMD [25] [26] [27] . A straightforward explanation is that a larger body weight imposes a greater mechanical loading on bone and that bone mass increases to accommodate the greater load. However, from the biomechanical \0.001* Note: Caucasians: n = 1683 (629 men and 1054 women); Chinese: n = 2758 (1497 men and 1261 women). The mean values shown in the table include the raw data and the data after adjusting for age, sex and height. Difference (%) was calculated as: (Caucasian -Chinese)/Chinese. P values are the results of the t-tests * The results were significant after correction for multiple testing point of view, body weight alone may not be an ideal factor predicting hip fracture risk, as absolute femoral neck strength is not as important as strength relative to the size of the load. Structures that are exposed to larger loads need to be stronger than structures exposed to less heavy loads. Thus, the eventual risk of hip fracture is more likely to be influenced by the femoral neck strength relative to the body size (weight and bone size) rather than the absolute strength. This may partially explain the observation that Chinese have lower fracture rates despite their relatively lower baseline body weight, because the hip bone strength relative to the body size is larger in Chinese than in Caucasians. We found that higher CSI were associated with lower risk of hip fractures in both Caucasians and Chinese, and notably, the odds ratio remained significant for CSI in Chinese after adjusting for covariates. Our results are consistent with an earlier study in a prospective cohort of community-dwelling women, which reported that each standard deviation increment in CSI was associated with the relative risk of 0.39 [17] . In our Caucasian and Chinese samples, men had higher CSIs than women, suggesting that men generally have a greater capacity to withstand compressive forces proportional to body weight along the main femoral neck axis. The variation in CSI between men and women may partially explain the lower risk of hip fracture in men.
Areal BMD measured by DXA is one of the most important factors for prediction of hip fractures. However, Fig. 1 Results of ANOVA for FN_BMD, FNW, Z, and CSI in age-stratified groups in Caucasians. The sample was stratified into 6 groups by age at a 10-year span. FN_BMD bone mineral density, FNW femoral neck width, Z section modulus, CSI compressive strength index Fig. 2 Results of ANOVA for FN_BMD, FNW, Z, and CSI in age-stratified groups in Chinese. The sample was stratified into 6 groups by age at a 10-year span. FN_BMD bone mineral density, FNW femoral neck width, Z section modulus, CSI compressive strength index the unparallel patterns of areal BMD and hip fracture rates among different ethnic groups have been observed. For example, although Asian women have on average lower areal BMD than Caucasian women [28] , they have lower hip fracture rate [7, 9] . A possible explanation is that FN_BMD measured by DXA among Caucasians was overestimated as a result of the relatively larger skeletons of Caucasians [29] . This is because wider hip bones are usually also deeper [29, 30] , and FN_BMD (calculated as bone mass content/bone area) measured by DXA cannot completely take into account the 3-dimensional information of hip bone structure. This potential shortcoming may partially be addressed by other measurement technologies such as quantitative computed tomography (QCT). QCT measures volumetric BMD (vBMD) which may confer potential advantages for assessment of femoral neck bone strength. A recent study using the Osteoporotic Fractures in Men (MrOS) cohorts compared femoral neck dimensions and vBMD from QCT among black, Asian, Hispanic, and white men C65 years [10] ; the study found that black and Asian men had thicker cortices and higher trabecular vBMD, which could help explain the lower hip fracture rates in these populations [10] . However, there were data that did not favor the use of QCT-derived vBMD for prediction of fracture risk [31] . Moreover, QCT is related to a higher amount of radiation exposure and greater cost, and it is thus of limited use in large-scale epidemiology studies.
In our logistic regression analysis, the geometric structure parameters of the femoral neck, FNW and Z, were not significantly associated with hip fractures. In fact, the relationship of FNW and hip fractures has been the subject of debate. Some studies found that a narrower femoral neck is related to higher fracture risk as a result of lower resistance to bending [32] , but others have argued that larger femoral necks may confer higher fracture risk as a result of a longer hip axis [33] . Studies of hip fractures found that the FNW of the subjects with hip fractures was wider [12, 14, 33, 34] , similar [11, 13, 15, 21] , or narrower [17, 32] than the controls. Some studies showed that Z, an index of bone bending strength, did not have better performance than conventional DXA BMD in predicting fractures [35, 36] . This situation may suggest that the geometric structure parameters of the femoral neck alone also have limitations in assessment of hip fracture risk.
This study has some potential limitations. First, our study is cross-sectional in nature, and the fractures reported are past fractures. Further longitudinal prospective studies in larger cohorts of different populations are necessary to help enhance our understanding of femoral neck strength and fracture risk. Second, the two populations used in the study are different in some aspects, which may confound the obtained results. However, the U.S. Caucasian and Chinese samples selected for this study were recruited using the same exclusion criteria, which may help alleviate the potential cohort effects, if any. Moreover, the potential confounding factors (such as age, sex, and height) and their influences on bone phenotypes were appropriately controlled in the statistical analyses as covariates. Finally, it should be noted that CSI per se is a simplistic rendition of the estimated strength of the femoral neck in compression and could be limited as a predictive measure alone.
Despite these limitations, our study suggests that CSI, constructed in a simple fashion from data available in routine DXA scan, may help explain the differences of hip fracture rate among different ethnic groups. Further studies in larger cohorts and/or longitudinal observations are necessary to confirm our findings. 
